Method details {#sec0005}
==============

Natural background radiation are the main sources of outdoor terrestrial gamma dose as humans are continuously exposed to ionizing radiation from natural radionuclides like ^226^Ra, ^232^Th and ^40^K from the soil. \[[@bib0005]\] A person is exposed approximately eighty percent of the total radiation dose in a year \[[@bib0010],[@bib0015]\]. Soil is one of the most common sources of natural radionuclides. The activity concentrations of radioelements and chemical elements depend on the geological setting and geochemical properties of each region caused by surrounding environment. Thus, the information of the contents of radionuclides is necessary to estimate the radiation risk on environment \[[@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045]\].

Al Madinah El Monawara is one of the most important cities in Saudi Arabia where people visit every year from all over the world. There is a lack of data about the contents of natural radioactivity on the studied area. This research is considered the first study in that region. However, a continuous monitoring and assessment of radionuclides fingerprints and contamination is advocate.

The current study focuses on radiometric and chemical analysis of soil and stone samples collected from Al Madinah city in Saudi Arabia using X-ray fluorescence (XRF) and NaI (Tl) scintillation detector.

Geological setting {#sec0010}
==================

The study area lies between longitudes 34° to 46° and latitudes 17° to 32° in the western region of Saudi Arabia [Fig. 1](#fig0005){ref-type="fig"}. The most important characteristic of Harrat Al Madinah from the geological point of view is the existence of volcanic eruptions. The soil and stones found in the area are dark basaltic rocks formed by the eruption of lava from the ground to the surface \[[@bib0050]\].Fig. 1Location of studied area.Fig. 1

Experimental technique {#sec0015}
======================

Samples preparation {#sec0020}
-------------------

About 0.5--1.0 kg of twelve (12) soil and fifteen (15) stone samples were collected between 0 and 10 cm of land surface from different locations in Al Madinah, KSA. There are many steps to samples preparation before radiometric and chemical analysis as follows:(1)Soil and stone samples were dried at 105 °C to remove moisture completely, and then split by quartering to ensure the distribution of the elemental contents.(2)Crushed and sieved through a 200 mesh to become homogenous.(3)For radiometric analysis, each sample was weighed and placed in a 350 cm^3^ beaker, and then sealed tightly for four (4) weeks to allow for secular equilibrium to ensure that radon gas is confined within the volume in the sample \[[@bib0055]\].(4)For X-ray fluorescence (XRF), about 8 g from powder sample and 1.6 g of wax were taken and pressed under suitable pressure to prepare discs for elemental measurements \[[@bib0060], [@bib0065], [@bib0070]\].

Instrumentation and calibration {#sec0025}
===============================

A gamma ray scintillation spectrometry NaI(Tl) detector model A320 and SN A3200829 was used to determine activity concentrations of radionuclides. The hermetically sealed assembly is coupled to a personal computer-multichannel analyzer (Canberra AccuSpec) model MCA2500R and serial 25,066. The detector was shielded to reduce background radiation using lead shield (100 mm thick) and copper shield (0.3 mm thick). Quantum Gold version 4.04.4 PGT (Princeton Gamma- Tech) was used to analyze gamma ray spectrum \[[@bib0020]\]. An empty beaker was used in the same condition of samples measuring to estimate the background radiation around the work environment. The accumulated spectrum of background was subtracted from specified photo-peak energy of each sample to get accurate measured activity.

Calculation of activity {#sec0030}
=======================

The measured activity in (Bq/Kg) for soil environmental samples was calculated using the following equation:-$$A(Bq/Kg) = .{\left\lbrack {\frac{1}{\eta}\left( {N_{E} - .N_{B}} \right)} \right\rbrack/{e.m}}$$where N~E~ is (CPS) specified line energy for samples, N~B~ is (CPS) specified line energy for background, e is the abundance of the gamma-peak in a radionuclide, η is the measured efficiency for specified gamma-peak energy, and m is mass of sample in (Kg) \[[@bib0055]\].

The uncertainty of activity u(A) was calculated using square limit equation as follow:-$$u\left( A \right) = A\sqrt{\sigma_{S}^{2} + \sigma_{\eta}^{2} + \sigma_{m}^{2}}$$where $\sigma_{S}^{2}$ =\[u(N~p~)/(N~p~)\]^2^ for each sample, $\sigma_{\eta}^{2}$ =\[u(η)/(η)\]^2^ for the measured efficiency of each photo-peak energy, and $\sigma_{m}^{2}$ =\[u(m)/(m)\]^2^ for sample mass. The uncertainty of individual photo peak area is calculated assuming that a maximum inaccuracy of 2% due to contribution of other nuclides and it should be low average value. The total uncertainty of systematic and statistical efficiency was 5% \[[@bib0005]\].

Results and discussion {#sec0035}
======================

Radiometric analysis {#sec0040}
--------------------

In the current study, the measured activity concentrations of ^226^Ra, ^232^Th and ^40^K in 27 samples from different area of Harrat Al Madinah, Saudi Arabia are presented in [Table 1](#tbl0005){ref-type="table"} and showed in [Fig. 2](#fig0010){ref-type="fig"}. The activity concentrations of ^226^Ra ranged from 3.05 ± 0.01 to 65.30 ± 0.14 Bq Kg^−1^ with average 37.54 ± 0.08 Bq Kg^−1^, the activity of ^232^Th ranged from 1.78 ± 0.04 to 49.06 ± 1.29 Bq Kg^−1^ with average 27.95 Bq Kg^−1^ and for ^40^K ranged from 25.05 ± 0.15 to 511.24 ± 2.42 Bq Kg^−1^ with average 300.64 ± 1.74 Bq Kg^−1^.Table 1Activity of Ra-226, Th-232 and K-40 (Bq/Kg), radium equivalent, the external and internal hazard index and level index.Table 1Sample code no.Type of sampleActivity (Bq/Kg)Ra~eq~\
(Bq/Kg)HexHinIγRa-226Th-232K-40S1Stone: west harrat45.51 ± 0.0934.12 ± 0.57341.84 ± 2.33120.620.330.450.87S2Stone: west harrat55.63 ± 0.1239.15 ± 1.17451.76 ± 2.25146.400.400.551.06S3Stone: east harrat65.30 ± 0.1449.06 ± 1.29511.24 ± 2.38174.820.470.651.27S4Stone: east harrat36.97 ± 0.0929.66 ± 0.72292.78 ± 2.40101.920.280.380.74S5Stone: west harrat25.60 ± 0.0618.17 ± 0.23205.49 ± 1.2667.410.180.250.49S6Stone: west harrat27.53 ± 0.0619.19 ± 0.28208.86 ± 1.0271.050.190.270.51S7Stone: west harrat36.90 ± 0.0825.91 ± 0.50301.54 ± 1.6097.170.260.360.71S8Soil: west harrat50.61 ± 0.1040.46 ± 0.58377.35 ± 1.84137.520.370.510.99S9Soil: east harrat51.00 ± 0.1038.74 ± 0.73400.24 ± 2.19137.220.370.510.99S10Soil: west harrat52.49 ± 0.1041.52 ± 0.63391.84 ± 2.37142.030.380.531.03S11Soil: west harrat51.45 ± 0.1040.29 ± 0.59387.82 ± 2.27138.930.380.511.00S12Stone: west harrat35.93 ± 0.0825.45 ± 0.46291.03 ± 1.8194.740.260.350.69S13Soil: east harrat46.50 ± 0.0936.32 ± 0.55360.91 ± 2.03126.240.340.470.91S14Stone: west harrat31.90 ± 0.0722.81 ± 0.36257.87 ± 1.5384.370.230.310.61S15Stone: east harrat27.71 ± 0.0619.30 ± 0.28217.43 ± 1.3272.060.190.270.52S16Stone: west harrat34.99 ± 0.0825.06 ± 0.42290.80 ± 1.7593.220.250.350.68S17Stone: west harrat44.51 ± 0.0935.14 ± 0.52360.31 ± 2.29122.500.330.450.89S18Soil: east harrat39.83 ± 0.0927.67 ± 0.54341.68 ± 2.01105.700.290.390.77S19Soil: east harrat46.36 ± 0.0935.65 ± 0.52378.49 ± 2.29126.480.340.470.92S20Soil: west harrat12.50 ± 0.0311.59 ± 0.26105.21 ± 0.6437.180.100.130.27S21Stone: east harrat3.05 ± 0.011.78 ± 0.0425.05 ± 0.157.530.020.030.05S22Soil: east harrat9.41 ± 0.038.61 ± 0.1986.14 ± 0.5128.350.080.100.21S23Soil: weast harrat7.97 ± 0.026.03 ± 0.1780.32 ± 0.4822.770.060.080.17S24Stone: west harrat37.39 ± 0.0826.43 ± 0.47323.64 ± 1.53100.120.270.370.73S25Stone: west harrat38.09 ± 0.0827.10 ± 0.52319.68 ± 1.91101.460.270.380.74S26Soil: west harrat48.14 ± 0.1034.40 ± 0.69396.93 ± 2.33127.900.350.480.93S27Soil: west harrat50.44 ± 0.1135.11 ± 0.76411.08 ± 2.42132.300.360.490.96average37.54 ± 0.0827.95 ± 0.52300.64 ± 1.74100.670.270.370.73maximum65.30 ± 0.1449.06 ± 1.29511.24 ± 2.42174.820.470.651.27minmum3.05 ± 0.011.78 ± 0.0425.05 ± 0.157.530.020.030.05Fig. 2Activity concentrations of ^226^Ra, ^232^Th and ^40^ K (Bq/Kg) in different locations of Al Madinah, Saudi Arabia and last column represents the global limits.Fig. 2

These results were compared with published global limits of ^226^Ra, ^232^Th and ^40^K by \[[@bib0075],[@bib0080]\] which these values 35, 30 and 400 Bq Kg^−1^ respectively ([Fig. 2](#fig0010){ref-type="fig"}).

Radium equivalent in Bq Kg^−1^ was calculated according to references of \[[@bib0055],[@bib0060]\]. As shown in [Table 1](#tbl0005){ref-type="table"}. We found that the Ra~eq~ varies between 7.53 and 174.82 Bq Kg^−1^ with average 100.67 Bq Kg^−1^ and the obtained results are lower than the global value 370 Bq Kg^−1^ which recommended by UNSCEAR \[[@bib0075]\].

The frequency distribution curve of radium equivalent is plotted as shown in [Fig. 3](#fig0015){ref-type="fig"}. That is clear that a nearly symmetric distribution with skewness equal -0.68, kurtosis equal -0.011and mean equal 100.67.Fig. 3Frequency distribution of radium equivalent (Bq/Kg).Fig. 3

The calculated external and internal hazard indices for each sample are presented in [Table 1](#tbl0005){ref-type="table"} using equation published by \[[@bib0085], [@bib0090], [@bib0095], [@bib0100]\]. H~ex~ ranged from 0.02 to 0.47 with average 0.27 and H~in~ ranged from 0.03 to 0.65 with average 0.37. It is clear that all samples indicated values less than unity as shown in [Fig. 4](#fig0020){ref-type="fig"}. The values of radiation level index (I~γ~) were also shown in [Table 1](#tbl0005){ref-type="table"} and [Fig. 4](#fig0020){ref-type="fig"} using equation published by \[[@bib0105]\]. I~γ~ ranged from 0.05 to 1.27 with average 0.73. These results are close or less than unity except one sample that have sample code (S3) represented by black arrow in [Fig. 4](#fig0020){ref-type="fig"}.Fig. 4represents the external and internal hazard indices in addition to radiation level index.Fig. 4

[Table 2](#tbl0010){ref-type="table"} represents the calculated radiation hazard parameters for investigated samples. According to the recent \[[@bib0110]\] the dose rates values lie within the worldwide range (18--93 nGy h^−1^) with average (55 nGy h^−1^). In the current work the dose rates lie between 3.53--81.12 with average 45.34 nGy h^−1^ which they are concordant with the worldwide ranges. [Fig. 5](#fig0025){ref-type="fig"} represents the frequency distribution curve of dose rate. As it is clear that a nearly symmetric distribution with skewness equal −0.457, kurtosis equal −0.404 and mean equal 45.34.Table 2Radiation hazard parameters for investigated samples.Table 2Sample code no.absorbed dose(nGy/h)Eff Dose (outdoor) mSv/yEff Dose (indoor) mSv/yAnnual eff. Dose (μSv)lifetime riskS155.890.070.2768.574.80S268.190.080.3383.665.86S381.120.100.4099.536.97S447.200.060.2357.924.05S531.370.040.1538.492.69S633.020.040.1640.512.84S745.270.060.2255.553.89S863.550.080.3177.985.46S963.650.080.3178.105.47S1065.660.080.3280.575.64S1164.280.080.3278.865.52S1244.110.050.2254.123.79S1358.470.070.2971.755.02S1439.270.050.1948.183.37S1533.530.040.1641.142.88S1643.430.050.2153.283.73S1756.810.070.2869.714.88S1849.360.060.2460.564.24S1958.730.070.2972.065.04S2017.160.020.0821.061.47S213.530.000.024.330.30S2213.140.020.0616.121.13S2310.670.010.0513.090.92S2481.120.100.4099.536.97S253.530.000.024.330.30S2645.540.060.2255.883.91S2746.640.060.2357.223.99average45.340.060.2255.633.89maximum81.120.100.4099.536.97minmum3.530.000.024.330.30Fig. 5Frequency distribution of dose rate (nGy/h).Fig. 5

The calculated effective dose indoor and outdoor for all samples is less than unity. The worldwide average of annual effective dose is 70 μSv. Thus, most results are consistent with the global average except those recorded for S3 and S24 samples with relatively high values of 99.53 μSv.

Excess lifetime risk was calculated and noted in [Table 2](#tbl0010){ref-type="table"} using the following equation:-where AEDE is annual effective dose equivalent, D~L~ is duration of life (70 year) and R~F~ is risk factor (Sv^−1^). Fatal cancer risk per Sievert for stochastic effects, ICRP 60 uses the magnitude of 0.05 for the public \[[@bib0115],[@bib0120]\]. The calculated lifetime risk ranges from 0.30 to 6.97 with average 3.89.

[Table 3](#tbl0015){ref-type="table"} lists the comparison of mean radioactivity concentrations of ^226^Ra, ^232^Th and ^40^K in the present study and other locations in different countries in the world. In some countries in Asia, the mean activity concentrations range from 12.53 to 70 for ^226^Ra, 10.5 to 64.9 for ^232^Th and 138.1 to 436.1 ^40^K. In some countries in Europe, the mean activity concentrations range from 25.2 to 37 for ^226^Ra, 28.9 to 40 for ^232^Th and 384.4 to 667 ^40^K. In some countries in Africa, the mean activity concentrations range from 12.24 to 46.1 for ^226^Ra, 8.46 to 65.73 for ^232^Th and 136.3 to 412.5 ^40^K. It is clear that the results of different continents are in the Global permitted ranges which published with \[[@bib0040],[@bib0075]\] except India.Table 3Comparison of mean radioactivity concentrations in Soil between the present study and other locations in the world.Table 3ContinentcountryRa-226 (Bq/Kg)Th-232\
(Bq/Kg)K-40\
(Bq/Kg)ReferenceAsiaSaudi Arabia37.528300.6Present studyThailand60.564.9431.8\[[@bib0135]\].Kuwait12.5310.65300\[[@bib0140]\].Jordan57.718.1138.1\[[@bib0145]\].India70.034.8436.1\[[@bib0150]\].EuropeSpain25.228.9384.4\[[@bib0155]\].Serbia33.249.1379\[[@bib0160]\].Turkey3740667\[[@bib0010]\].AfricaEgypt12.248.46136.3\[[@bib0165]\].Cameroon46.1665.73215.91\[[@bib0170]\].South Africa47.6587.17\[[@bib0120]\].Nigeria4129.7412.5\[[@bib0175]\].AmericaBrazil\-\--5.3234.15\[[@bib0180]\].Global limit\
(mean)17-60\
(35)11-68\
(30)140-850 (400)\[[@bib0040]\].

Chemical analysis using XRF {#sec0045}
===========================

Oxides of major elements of studied samples were carried out using EDXRF (ARL Quant'X manufactured by Thermo Fisher Scientific Seller, USA) and listed in [Table 4](#tbl0020){ref-type="table"}. There is a strong correlation between rich uranium content and chemical composition especially iron and manganese oxides due to their high ability to absorb uranium \[[@bib0125],[@bib0130]\]. The content of Fe~2~O~3~ ranges from 5.5% to 13.6% with average 9% and the content of MgO range from 5% to 8.3% with average 6.2%. All element contents are concordant with the obtained results by \[[@bib0130]\].Table 4Metal Content in soil samples using XRF.Table 4Sample codeAl~2~O~3~CaOFe~2~O~3~K~2~OMgOMnONa~2~OSiO~2~TiO~2~S117.011.57.51.57.50.2^\*^LLD53.61.2S219.68.812.80.65.10.3LLD49.72.8S317.411.46.81.66.40.1LLD54.51.1S416.911.76.81.76.20.1LLD55.60.8S518.38.913.40.56.70.3LLD48.53.0S612.24.35.70.38.30.143.024.61.3S721.88.49.70.56.30.2LLD51.31.5S818.57.56.91.85.50.1LLD58.70.8S917.111.46.81.66.40.1LLD55.50.9S1018.17.46.71.75.00.1LLD59.90.9S1118.47.36.81.75.90.1LLD58.41.3S1218.78.513.10.75.50.3LLD49.83.0S1317.011.76.61.66.70.1LLD55.30.9S1418.68.513.60.85.00.3LLD49.93.1S1522.28.29.60.46.10.2LLD51.51.4S1618.78.313.00.85.30.3LLD50.33.1S1716.811.87.01.76.30.1LLD55.30.8S1817.98.113.20.75.20.2LLD51.33.1S1915.312.47.41.77.00.1LLD54.71.2S2018.27.46.61.75.80.1LLD59.20.8S2120.88.810.80.46.90.2LLD49.82.0S2216.711.76.81.76.20.1LLD54.91.2S2317.28.010.61.36.10.2LLD54.02.4S2411.53.45.50.67.70.144.225.81.3S2518.38.513.50.75.30.3LLD50.03.2S2612.54.35.70.37.90.142.725.01.4S2717.37.611.51.35.90.2LLD53.42.7average17.58.79.01.16.20.243.350.41.8maximum22.212.413.61.88.30.344.259.93.2minimum11.53.45.50.35.00.142.724.60.8[^1]

Conclusions {#sec0050}
===========

Radiometric and chemical analysis was carried out in soil and stone samples collected from Harrats Al Madinah in western region of the kingdom of Saudi Arabia. The contribution of radionuclides in Al-Madina city represents 37% for ^226^Ra, 36% for ^232^Th and 27% for ^40^K. The results of the current study are within the global allowable limits, so this area of samples is safe for human beings that they live in. When we compared the content of elements in this study with other countries in different continents, we found that the concentrations of elements agree with them. Some of these elements have strong ability to sorption uranium, thorium and potassium. The current study is considered as the first baseline reference data about the natural radionuclides and elemental contents in the area of the study. The researchers recommend that follow-up of the study area should be raised to record the changes and develop a pollution control strategy.

[^1]: LLD: Lower Limit of Detection.
